. To distinguish among these contrasting hypotheses, we investigated Reelin function using an ectopic expression system in transgenic mice designed to target Reelin to the ventricular zone. Reelin was expressed under the control of the nestin promoter, which is active in precursor cells located in the ventricular zone during corticogenesis and in the neuroepithelium of the cerebellum (Lothian and Lendahl, 1997). We found that ventricular zone cells are competent to respond to Reelin, and the Reelin pathway is normally activated in these cells at the preplate stage of development. Anatomical analyses of transgenic mouse brains demonstrated that there was no effect of ectopically expressed Reelin on cell positioning in the presence of endogenous reelin. However, in reeler mice that express ne-reelin in the ventricular zone, subplate neurons were split away from Cajal-Retzius cells by the insertion of a subpopulation of cortical neurons. Cell bodies of these neurons adopted a radial orientation similar to that in normal mice. In the cerebellum, ectopic Reelin, which was widely expressed, rescued both the migration of Purkinje cells and the ataxia characteristic of reeler The expression pattern of reelin in the developing brain was analyzed by in situ hybridization (Figures 2A-2F ) patterns obtained using the nestin promoter make it highly suitable for targeting Reelin to the ventricular and by immunohistochemistry ( Figures 2G-2J ). Previous studies demonstrated that reelin is expressed in the zone during brain development.
Myc-tagged reelin was inserted into a NotI restriction marginal zone of the forebrain and in the EGL of the cerebellum (D'Arcangelo et al., 1995). Mice carrying neendonuclease site in the nestin vector to generate nestin-reelin (ne-reelin) ( Figure 1A) , which was introduced reelin expressed an additional source of reelin mRNA throughout the ventricular zone of the forebrain, midinto fertilized mouse embryos by microinjection. Seven founder lines were identified, and two independent brain, and cerebellum at E16.5 (Figures 2A and 2B ). At E17.5, reelin was detected in Cajal-Retzius cells within mouse lines (asterisks in Figure 1B) , ne-reelin1 and nereelin2, were established and crossed onto the reeler the marginal zone of the cerebral cortex (white arrowheads in Figures 2C and 2D ). Heterozygous mice carbackground. We analyzed the expression of ne-reelin in E16.5 forebrain by immunoprecipitation and immurying ne-reelin (ϩ/rl ne-reelin) expressed reelin in both the marginal zone and in the ventricular zone ("vz" in noblotting using antibodies specific for Reelin. In both cases, Myc-tagged Reelin was expressed at lower levels Figure 2D ). As expected, reelin expression was not detected in rl/rl mice ( Figure 2E ). In rl/rl mice carrying nethan endogenous Reelin ( Figure 1C) . We estimated that ne-reelin was present at levels of approximately 10% reelin (rl/rl ne-reelin), reelin expression was primarily restricted to the ventricular zone ( Figure 2F ). Similar and 20% of the endogenous Reelin in the ne-reelin1 and ne-reelin2 lines, respectively. Both lines developed spatial patterns of expression were maintained throughout the development of the cortical plate; thereafter, nesimilar phenotypes in the cerebral cortex and in the cerebellum, indicating that our observations were not reelin mRNA levels declined in a manner similar to that To examine the distribution of Reelin, we performed development (Trommsdorff et al., 1999) . To determine whether premigratory cells in the ventricular zone are immunohistochemistry using the Reelin-specific monoclonal antibody, G10. In ϩ/rl mice, Reelin was localized competent to respond to Reelin, we investigated the expression patterns of reelin, dab-1, vldlr, and apoER2 to Cajal-Retzius cells in the marginal zone at E15.5 (arrowheads in Figure 2H) , and, as expected, Reelin was at the preplate stage of development. At this stage (approximately E12.5), there are two architectonic strata, not detected in rl/rl mice ( Figure 2I ). In contrast, rl/rl mice carrying ne-reelin exhibited Reelin expression the ventricular zone, containing germinal cells, and the preplate (or primitive plexiform zone), composed of Cathroughout the ventricular zone ("vz" in Figure 2J ). These findings demonstrate that the nestin promoter directed jal-Retzius neurons and subplate cells, and there is no cortical plate ( Figure 3A) . In control mice, the CajalReelin expression to the ventricular zone during early brain development.
Retzius cells of the preplate express reelin ( Figure 3B ). In rl/rl mice carrying the ne-reelin transgene, reelin is present only in the ventricular zone ( Figure 3C ). In addidab-1, apoER2, and vldlr Are Expressed in the Ventricular Zone during Early tion, both dab-1 and the Reelin receptor apoER2 are expressed throughout the ventricular zone (Figures 3D Brain Development Previously, it was demonstrated that dab-1 is expressed and 3E). Little or no vldlr was observed at E12.5 ( Figure  3F ), though vldlr transcripts were observed throughout in the ventricular zone and in the postmitotic neurons formed in an ectopic position under a reduced cortical plate.
To confirm the effect of ne-reelin on the organization of preplate derivatives, we used immunohistochemistry Reelin Expression in the Ventricular Zone Modulates Neuronal Positioning in reeler to localize chondroitin sulfate proteoglycans (CSPGs). CSPGs are closely associated with the marginal zone Histological examination of brain sections from mice expressing both ne-reelin and endogenous reelin indiand the subplate layer, and they provide a reliable marker for these structures (Pearlman and Sheppard, cated that ectopically expressed Reelin did not alter cortical development. Although Reelin was present in 1986). Heterozygous ϩ/rl and ϩ/rl ne-reelin mice exhibited two regions of CSPG immunoreactivity: a superficial both the ventricular zone and the marginal zone throughout corticogenesis, the cytoarchitecture of the cerebral layer in the marginal zone and a second, deeper region associated with the subplate (Figures 5Q and 5R) . In rl/ cortex was indistinguishable from that of control mice at E15.5 ( Figures 5A and 5B ) or E17.5 (Figures 5I and rl, CSPG immunoreactivity was localized primarily with the superplate and with fiber bundles coursing at 5J), and it was quite distinct from the rl/rl cortex ( Figures  5C and 5K) . Surprisingly, ectopic expression of Reelin in oblique angles through the cortical plate in a pattern similar to that described previously ( Figure 5S ) (Shepthe ventricular zone of the rl/rl ne-reelin cerebral cortex resulted in the appearance of a thin cortical plate (cp) pard and Pearlman, 1997). However, expression of Reelin in the ventricular zone resulted in CSPG staining in composed of vertically aligned neurons at both E15.5 and E17.5 ( Figures 5D and 5L) . A cell-sparse, fiber-rich a pattern distinct from that in normal or rl/rl mice ( Figure  5T ). CSPGs were detected superficially in the marginal ectopic subplate layer (e-sp) was visible beneath this cortical plate overlying a cluster of disorganized neurons zone and in the ectopic subplate layer, confirming that subplate neurons were split from Cajal-Retzius cells by ( Figures 5D and 5L ). This phenotype was dramatically different from that of the rl/rl cortex ( Figures 5C and 5K) , cortical plate neurons. These data suggest that Reelin expressed in the ventricular zone caused a subpopulain which neurons failed to align in a radial orientation, In control mice, reelin was present primarily in the EGL in each bin was determined. The histograms in Figure  6 illustrate the average percent of neurons in a given at E16.5 ( Figures 7D and 7H) , and it was absent from rl/ rl mice ( Figure 7E ). In rl/rl ne-reelin transgenic mice, and they displayed reduced dendritic arborization in random orientations (arrowheads in Figure 8E ). rl/rl nethe nestin promoter targeted Reelin expression widely throughout the developing cerebellum. At E16.5, nereelin cerebellum revealed an organized Purkinje cell layer containing differentiated Purkinje cells with denreelin was expressed in the neuroepithelium of the cerebellum ("ne" in Figures 7F and 7I) , in the EGL, and in a dritic arborization approaching that observed in control mice ("pcl" in Figure 8F ). Occasionally, Purkinje cells population of cells dispersed throughout the developing cerebellum ( Figures 7F and 7I) . Since ne-reelin directed remained in deeper locations, and they exhibited a rl/ rl-like morphology (arrowheads in Figure 8F ). Although reelin expression in a broad pattern, it provided an opportunity to assess the effect of ectopically expressed foliation was obvious in adult rl/rl ne-reelin mice, histological studies on early postnatal ages suggested that Reelin on Purkinje cell positioning. The cerebellum of ϩ/rl mice expressing ne-reelin ( Figure 8A ) was normal, formation of folia was delayed. For example, in Figure  8G , ϩ/rl ne-reelin cerebellum at postnatal day 2 exhibdisplaying an aligned Purkinje cell layer, a molecular layer, and a granule cell layer that were indistinguishable ited a well-formed Purkinje cell layer with extensive foliation in the cerebellar cortex. In rl/rl, Purkinje cells were from control mice (data not shown). This was dramatically different from the cerebellar structure that develnot organized into a Purkinje cell plate, and foliation was never observed ( Figure 8H ). By postnatal day 2, the oped in rl/rl ( Figure 8B) . Thus, despite the presence of ectopically expressed ne-Reelin throughout the cerebelformation of the Purkinje cell layer was apparent in the posterior cerebellum of rl/rl ne-reelin mice ( Figure 8I ), lum, Purkinje cell migration and cerebellar development was undisturbed in the presence of endogenous reelin.
but foliation was consistently less extensive than that in control mice. Ultimately, the rescue of cerebellar deRemarkably, the cerebellum of adult rl/rl ne-reelin mice exhibited foliation ( Figure 8C ). The molecular layer was velopment was incomplete, as the folia were not as elaborate as those in normal mice and the cerebellum well developed, and the Purkinje cell and inner granule cell layers were apparent. The folia observed in rl/rl neremained somewhat smaller. We noticed that the behavior of rl/rl ne-reelin mice reelin mice were never observed in rl/rl mice that did not express the transgene. differed from that of rl/rl. rl/rl mice tumbled repeatedly as they attempted locomotion whereas rl/rl ne-reelin Calbindin staining was used to examine the organization of the Purkinje cell layer (Wassef et al., 1985) . In ϩ/ mice never displayed this behavior. We used a footpainting assay to trace the walking gait of adult mice. rl ne-reelin mice, Purkinje cells formed an organized layer with extensive dendritic arborization in the molecuTwo colors of nontoxic water based paint were painted onto the bottom of the forepaws (red) and hindpaws lar layer indistinguishable from that in control mice (Figure 8D) . In rl/rl, Purkinje cells remained in deep locations, (blue), and the mice were placed onto white paper to Figures 3 and 4) . Therefore, lin alone functions as an attractant for migrating Purkinje Reelin does not inhibit migration or provide a stop signal cells, as its widespread distribution in rl/rl ne-reelin mice to migrating neurons in the cerebral cortex.
could not provide a directional cue. It is formally possible In the cerebellum, Reelin was also proposed to functhat some of our results could be explained by postulattion as a stop signal for Purkinje cell migration, based ing the existence of inhibitory molecules present in speon experiments in which an ectopic source of Reelin cific brain regions that block Reelin function. However, was provided from transplanted granule neurons in the we do not favor this alternative hypothesis. fourth ventricle (Miyata et al., 1996) . In contrast, we found that ectopic Reelin, which was expressed widely in rl/rl ne-reelin mice, restored cell migration and formaThe Role of Reelin during Corticogenesis Ectopic expression of Reelin in the ventricular zone did tion of the Purkinje cell layer. One possible explanation for these contradictory findings is that, in the transnot produce a dominant effect in the cerebral cortex in the presence of endogenous Reelin, as no abnormalities widely distributed throughout the developing cerebellum, the Purkinje cell layer was formed in rl/rl ne-reelin were observed in ϩ/rl ne-reelin mice (Figures 5B, 5F , and 5J). This is consistent with our finding that, in wildmice after only a modest delay compared to control mice. Thus, Purkinje cells require Reelin to migrate out type mice, the Reelin pathway is already active in ven Figure 8C ) and alleviated ataxia system-specific enhancer from the second intron (Zimmerman et al.,  1994) . The mouse reelin cDNA was inserted into the NotI restriction in rl/rl ne-reelin mice. Despite the fact that ne-reelin was endonuclease site in the nestin vector (see Figure 1A) . To distinguish mice by microdissection of the dorsal telencephalon and placed into ice-cold Hank's balanced salt solution. Preparation of neurons ectopic Reelin from the endogenous protein, the reelin cDNA was tagged with a single Myc epitope inserted into the SalI restriction and purification of Reelin has been described previously (Keshvara et al., 2001). Briefly, dissociated neurons were resuspended in endonuclease site. The sequence inserted into the reelin cDNA was the following: 5Ј-GTCGAGCAGAAGCTGATATCCGAGGAGGACCT DMEM and divided into two equal populations. One population was treated with Reelin (3 g/ml) purified from supernatant of Reelin-GAACCTCGAC-3Ј. The underlined sequences encoded the Myc epitope, and the flanking sequences were designed to insert the epiexpressing 293T cells, while the other population was treated with a supernatant (mock) prepared, using the same purification protocol, tope tag into the reelin cDNA. A total of 13 aa were inserted into the reelin cDNA without changing the reading frame. This cDNA from 293T cells transfected with an empty vector. After incubation at 37ЊC for 15 min, neurons were collected by centrifugation and was then subcloned into the NotI restriction endonuclease sites of the nestin vector, generating the transgene called ne-reelin.
lysed immediately in cold cell lysis buffer (25 mM Tris-HCl, 1% Nonidet P-40, 150 mM NaCl, 5 mM EDTA, 1 mM sodium orthovanaSecretion of Reelin was tested in 293T cells that were transfected with the Myc epitope-tagged reelin cDNA cloned into a mammalian date, 5 mM NaF, 10 g/ml each aprotinin and leupeptin). The lysates were precleared by centrifugation at 14,000 rpm for 15 min, and the expression vector (pcDNA3.1). Conditioned medium was harvested and subjected to immunoprecipitation (IP) and immunoblotting exsupernatant was used for anti-Dab-1 immunoprecipitation. Immunoblotting for Dab-1-PY198 was performed using an affinity purified periments using antibodies to Reelin ( Tissues were homogenized in cell dom-primed DNA probe was generated using a SacII fragment of lysis buffer and precleared by centrifugation at 14,000 rpm. Antithe mouse reelin cDNA (nucleotides 66-147). Tail DNA was digested Dab-1 immunoprecipitations were carried out from equal amounts with the restriction endonuclease SacI, which liberated a 1.7 kb DNA of protein, and Dab-1 protein levels and phosphorylation status were fragment from ne-reelin consisting of a portion of the nestin 5Ј determined as above. promoter sequences and the first 832 nucleotides of the mouse reelin cDNA. For this report, mice heterozygous for reelin are referred to as ϩ/rl and used as controls, and homozygous reeler In Situ Hybridizations mutant mice are labeled rl/rl. Mice that carry the ne-reelin transgene Gene expression was evaluated by in situ hybridization using in the presence of the endogenous gene are labeled as ϩ/rl ne-[␣-33 P]UTP-labeled riboprobes as described previously (Rice et al., reelin, and on the background of the homozygous reeler mutant, 1998). Riboprobes for reelin were generated using standard in vitro the transgenic mice are labeled as rl/rl ne-reelin. transcription reactions and a HindIII (antisense) or NotI (sense) reFor PCR genotype analysis, oligonucleotide primers were destriction endonuclease digest of the plasmid, pBS6E, which consigned to anneal on either side of the Myc epitope of modified reelin tained a 700 bp fragment of the reelin cDNA (nucleotides 5269-cDNA: forward primer, 5Ј-CCAATGTGAGCACAGTC-3Ј, and reverse 5975). Dr. Tom Jessell, Columbia University, New York, provided a primer, 5Ј-CTTGACCGTTGCTCCAGG-3Ј. Two PCR products were riboprobe template for er81 (Lin et al., 1998), and riboprobe temamplified, and they consisted of a 275 bp fragment from the neplates for apoER2 and vldlr were provided by Dr. Joachim Herz, reelin transgene and a 242 bp fragment from the endogenous reelin University of Texas Southwestern Medical Center, Dallas, TX gene. The PCR fragments were separated by gel electrophoresis (Trommsdorff et al., 1999) . The dab-1 riboprobe template was prein a 2% Metaphor agarose gel (FMC Biolabs, Rockland, ME) and viously described (Rice et al., 1998) . Autoradiography was allowed visualized by UV transillumination. Tail DNA from transgenic mice to proceed for 1-6 days at 4ЊC. Riboprobes were transcribed in the produced both PCR amplified bands, and tail DNA from nontransboth the sense and antisense orientations to control for nonspecific genic mice produced only the 242 bp band. The genotype at the hybridization. Homozygous mutant tissue (rl/rl) or riboprobes generreelin locus was performed as previously described (D'Arcangelo ated in the sense orientation provided reliable controls for nonspeet al., 1996). cific hybridization.
Gait Analysis
Tissue Collection Gait analyses were done prior to the identification of the genotypes Timed matings were established, and the morning the vaginal mucus of test mice. Footprint tracings were generated using adult mice plug was detected was designated as E0.5. Embryos from E14.5 to from two different breeding pairs. Breedings were set up to generate E17.5 were delivered surgically and perfused intracardially with 4% ϩ/ϩ, ϩ/rl and rl/rl mice with and without the ne-reelin transgene. paraformaldehyde in 0.1 M phosphate buffered saline (pH 7.2). The Ataxia and tremor in some mice were readily detected, while tremor tissue was postfixed for 4 hr at 4ЊC, cryoprotected in 25% sucrosebut not ataxia was detected in others. Mouse footpads were painted PBS overnight, and embedded in TBS tissue-freezing medium (Triwith nontoxic Tempera paint (red, forepaws; blue, hindpaws) using angle Biomedical Sciences, Durham, NC) on dry ice. For all experia cotton-tipped applicator. Mice were placed onto a sheet of white ments, control and test tissues were embedded together to minimize paper on a flat hard surface and allowed to roam freely. Tracings differences in section thickness. Blocks of tissue were stored from mice attempting locomotion in a straight line were scanned at Ϫ80ЊC. Cryostat sections were generated using a Micron HS500 (UMAX Astra 4000U) to obtain a digital image and printed. Following cryostat. Sections were cut at a thickness of 14-18 m and slide this study, the genotype of test mice was identified by PCR analysis. mounted onto Superfrost ϩ slides (Fisher, Pittsburgh, PA). Slides were stored at Ϫ80ЊC.
Reelin Treatment of Primary Neurons from E12.5 Dorsal Telencephalon BrdU Birthdating
Timed matings were generated, and the thymidine analog, BrdU Timed matings were set up by standard practices, and the day of conception (E0.5) was identified the morning of the presence of a (Sigma, St. Louis, MO), was injected on gestational days 10.5 and 11.5 by intraperitoneal injections to pregnant females at a concenvaginal plug. Ventricular neurons were harvested from E12.5 reeler
